This report presents the results of a study undertaken to help build a database and modeling capability that will support the design of a laser-based ignition system for a gun-fiie'simulation (GUFS) platform. In this study, the thermal transport properties of pressed pellets of candidate igniter materials were experimentally investigated in the range 20-l 00 o C via ( 1) the technique developed by Miller and Kotlar ("Technique for Measuring Thermal DiffusivityXonductivity of Small Thermal Insulator Specimens,"Review ofScientij? cInstruments, vol. 64, p. 2954cInstruments, vol. 64, p. ,1993 and (2) a small modification to their technique that allows it to be used for (slightly) electrically conductive materials. The compounds investigated in this manner include black powder, red powder (with and without 0.5-weight-percent carbon black), BKNO,, AlA, Zr/KC104, Ti/KClO,, an ARC0 formulation (with 0.5-weight-percent carbon black), and an FeO/Ti/Zr/NC mixture. In addition, the heat capacities of these compounds were determined over the range 2&100" C via differential scanning calorimetry. The experimentally derived parameters are employed as input to a simplified model of the heat-transfer process attending the irradiation of a candidate with a relatively low-fluence laser beam. The results indicate that the differences in the thermal transport properties of the materials studied will not lead to significant differences in the h-radiance required to ignite them.
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Introduction
Laser-based ignition is being proposed as a means of improving the safety of rounds employed with a gun fire simulator (GUFS) system. The system platform carries 20 flashand/or boom-producing rounds that produce threat cues and target "hit and kill" recognition during training exercises. The current rounds are initiated via electric matches, and, as with all such igniters, they are susceptible to inadvertent ignition by electrostatic discharge (ESD) and electromagnetic radiation (ER). A number of incidents involving GUFS platform rounds have been reported, and the risk that these munitions may inadvertently ignite will become increasingly acute as more and more ER-based sensors probe the modern battlefield and (by extension) training exercises. Laser-based ignition systems are immune to ER effects, and backfitting the GUFS platform with such a system would reduce the safety hazard associated with the rounds. However, though there is little doubt that a workable laser-based ignition system could be built, the cost to do so is a concern. (Current guidance is, that to be tenable, the cost/round must be kept near current levels.) The work reported here represents part of an effort to develop a database and modeling capability that will facilitate the design of a cost-effective system.
Design options being considered for the GUFS application include (1) having a dedicated laser diode for each round on the platform (20 lasers total) or (2) having a single laser diode (or a solid-state laser) coupled to each round through an optical switch (one laser, one optical switch).
Regardless of the approach chosen, the cost of the system will be driven by requirements for laser power, optical component quality, and mechanical tolerances-all of which depend on the minimum irradiance (intensity/spot size) necessary to properly function a round. The minimum irradiance, in turn, depends on the time available between the arrival of a trigger signal and the ignition event (i.e., ignition delay) and the mechanism(s) relevant to ignition on that time scale.
In the case of GUFS platform rounds, ignition delays of up to 0.5 s are permissible. This time scale allows relatively low laser fluences to be employed, and the fluence will act simply as a heat (flux) source that raises the temperature of the igniter material until self-propagating chemical reactions ensue. (1)
CP
The first term on the right-hand side of this equation is associated with the diffusion of heat due to temperature gradients, the dynamics of which depend on the material's thermal diffusivity (a).
(The thermal conductivity [a] of a material is related to its thermal diffusivity per,
where p is the material's density and cP is its heat capacity at constant pressure.) The second term on the right-hand side of equation (1) is associated with the absorption of radiant energy by the material, the dynamics of which depend on the incident flux (f,) and the material's absorption coefficient (n). The last term is associated with chemical energy production, with the given function being the Arrhenius form of the heat release rate. The parameters of this function are the activation energy Q, a first-order pre-exponential factor (z), and the heat of reaction (Q). R is a constant.
Unfortunately, even this simplified model requires a plethora of parameters that are not generally available, making it difficult to identify systems with potentially low-fluence requirements. The work presented in this report is concerned with the thermal transport properties of various igniter materials and the influence thermal diffusion will have in determining the minimum fluence required to initiate these materials. Presented are the results of experiments conducted to establish the thermal transport properties of nine pyrotechnic compounds over the range 20-100" C. Most measurements were made with a slightly modified version of the experimental technique developed by Miller and Kotlar (MK) [2], the modified experiment yielding a measurement for the parameter (&JI~c,~)"~. In the interest of establishing r il and a from these measurements, heat capacities for all of the compounds were determined for the range 20-100" C via differential scanning calorimetry. To simulate the temperature response of the candidates to relatively low-level laser fluences, the experimental values were employed as parameters in a 1-D heat-transfer model that assumes IZ = 00 and Q = 0, and the irradiance required to raise the compound's surface to its autoignition temperature within 0.5 s is calculated. The results indicate that the differences in the thermal transport properties of the candidate materials (alone) will not lead to significant differences in the irradiance required to ignite them. 
Description of Igniter Materials
Red powder is a patented ARDEC formulation that is being developed in conjunction with
Thiokol. Lots M292 and M296 were doped with a small amount of carbon black. It is considered that such an additive may reduce the fluence required to ignite a material by increasing its optical density. However, it remains to be determined whether the dopant produces other effects, such as increasing the thermal conductivity, that negate this potential benefit.
All compounds employed in the experiments were prepared by ARDEC and provided to us as cylindrical pellets (0.65cm diameter x 0.65cm length). The pellets were formed by pressing the mixtures to 152 MPa (22 kpsi). The pellets were friable, particularly those with high metal or metal oxide content, and care needed to be exercised in handling them. For most of the measurements reported here, the pellets were simply used as supplied. In cases where thinner specimens were employed (i.e., for the straight adaptation of the MK technique [2]), the pellets were wafered by inserting them into an acrylic tube and cutting the resulting assembly with a low-speed saw with a diamond-coated blade. In all of these cases, ethyl alcohol was employed as a cutting fluid. In some cases, the specimen's produced by wafering were sanded with 15-p grit paper to improve their surface planarity and finish. If wafered, the specimens were stored in an evacuated dessicator for at least 2 days prior to using them in an experiment.
Experimental Considerations
I
Except for minor variations, the experimental apparatus used in this study was the same as 
W
T(O+,t) = T(O-,t),
where x is the distance from the source plane and the subscripts s and b identify properties belonging to the sample and base, respectively. Conservation of energy requires that the sum of the heat fluxes going into the sample, f '(0' , t), and the base, f -(O-, t) , be equal to the total flux emanating from the source plane, fO. The solution to this system of equations [i.e., the temperature response of a point in the sample (X > 0)] is given by [3]
The last term on the right-hand side of equation (4) is the complementary error function integral
To derive a, and As, equation (4) neglected. This is in contrast to the case examined by MK, who found that the results obtained using 5-and 12+m-thick (Style II) thermocouples were the same and concluded that the time lag of the thermocouple response could be neglected. To incorporate the effect of the time constant into the data reduction model, it was assumed that the response of the thermocouple (R(t)) to a unit step increase in temperature was associated with the form
and Duhamel's formula [6] was employed to express the response of the measurement system-the oscilloscope voltage reading, u(t)-to the driving function T&t) [i.e., equation (4) or (6b)]:
This equation was incorporated into the system model by calculating R'(z)T(x,t -r) at O.OOl-ms intervals for 0 < r < t and using Simpson's rule to evaluate the integral. Corrected in this manner, the results obtained with Style I and Style II thermocouples were brought into agreement.
It is also worth noting that fused silica was employed as the base material in most of the experiments. MK had employed acrylic as the base material, and the initial room-temperature results of this study were obtained with an acrylic base. However, acrylic's glass transition temperature is below 100' C, a value that we were interested in reaching. The decision to employ fused silica was based primarily on its availability and having had previous experience with it in this experiment. But, it is not an optimal choice. As noted by MK, the best measurements will be obtained when the thermal transport properties of the base and sample are -similar. [It is suggested that (jlspscps)"2 be used in matching materials for this application.] The literature value of (il,p,~,,)"~ for fused silica is about 0.14 J/cm2-K-s1'2, while, for the compounds studied here, this parameter was found to fall in the range 0.05-0.10 J/cm2-K-s"2.
The values of a and il for the base material, which are needed as input to the model of the heat-transfer process, were established experimentally by conducting tests in which the sample side was occupied by a specimen from the same lot as that used to construct the base. This 
Experimental Results
Figures 4-12 show the experimentally determined heat capacities for the nine candidate compounds provided to us by AlXDEC. In cases where the heat capacities of the constituents could be found in the literature [7] , an estimate for the compound is provided for comparison.
(The mass fractions of the constituents needed for these estimates are given in Table 1 .) In the case of the compounds containing red powder (M279 and M296), the cP values obtained from the first transient to 110" C are higher than those measured during the second transient. It was also found in these two cases that the mass of the sample was reduced on the order of 1% by the first measurement and drying period. (The mass loss produced by the second transient was negligible.) A comparison of the results (Figures 6 and 7) suggests that a gas-producing "reaction," perhaps simply evaporation, onsets at about 50" C in these compounds.
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M293 -Black Powder Table 2 .) It is assumed that the discrepancies are associated with the fact that the compounds are slightly electrically conductive and that current leakage from the foil to the thermocouple impacts the temperature reading. Such an effect was obvious in the case of FeO/Ti/Zr/NC. It is presumed that the effect is just subtler for these other compounds.
Influence of Thermal Transport Properties on Irradiance Requirements
Equation (4) . maximum temperature will be at the surface (X = 0) for all t, the irradiance necessary to raise the temperature of the surface to the material's autoignition temperature under this set of assumptions may be calculated by setting x equal to zero and rearranging equation (4) to give 18 where AT is the difference between the autoignition temperature and the ambient temperature.
Expressed in this manner, the desirability of having materials with low (product) values of A, p, and cP is apparent. Moreover, this expression shows that the results presented in Figure 13 can be used directly in estimating flux requirements under the given set of assumptions.
To provide some appreciation of the ramifications of a material's thermal transport properties on the fluence required to ignite it, we assume that the results in Figure 13 can be extrapolated to the autoignition temperature for each compound and calculate the fluence needed to raise the temperature of the surface of each material from 25" C to its autoignition temperature in 0.5 s.
(Again, 0.5 s is the maximum ignition time delay permitted for the GUFS application.) The results for three different cases are presented in Table 3 . In Case A, it is assumed that the bounding window is a perfect insulator (;lb = 0). In Case B, the bounding window is given the properties of acrylic. And, in Case C, the bounding window is given the properties of fused silica. (In each case, the thermal transport properties of the bounding window are assumed to be temperature independent.) For reference, 130 W/cm2 is equal to 10 mW at the distal end of an optical fiber with a 100~pm-diameter core-a value that would make laser-based ignition a viable option for the GUFS system. Except for the value for black powder computed assuming an autoignition temperature of 200' C, the differences between compounds for a given case are not considered significant. The difference between cases are notable, with the minimum fluence for Case B being approximately 50% higher than for Case A and the minimum fluence for Case C being approximately twice as high as Case A.
Summary
It has been recognized that the thermal transport properties of the igniter material in a laser-based ignition system will influence the minimum n-radiance required to function a round IN. However, the difficulty of obtaining reliable thermal transport property data, particularly for energetic materials, is a hurdle to quantifying the impact of this aspect of the energy transport process. The results of this study provide values for the thermal transport properties of six pyrotechnic compounds being considered for use in back-fitting a GUFS system with a laser-based ignition system. The results were obtained with an experimental technique developed specifically for the difficult case of acquiring such information from small, electrically conductive specimens with relatively low diffusivity values. In addition to this primary objective, DSC results for compounds containing red powder indicate that the thermal stability of this pyrotechnic may be an issue.
To begin to quantify the impact of thermal transport properties on irradiance requirements, the experimental results were employed as input to a model that assumes all the laser energy is absorbed at the surface, no phase changes or chemical reactions occur, and that thermal transport property measurements for each compound can be extrapolated to their autoignition temperature.
While this model is a great oversimplification of the actual process, and thus of limited value for establishing minimum n-radiance requirements for such systems, its predictions are consistent with expectations based on previous studies. Moreover, the results obtained for the different materials are instructive. In particular, they indicate that the differences in thermal properties of the candidates studied thus far will not be a significant factor from the standpoint of reducing fhrence requirements. On the other hand, the packaging of the igniter material will be an important consideration. 
